Introduction
Type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) are metabolic diseases characterized by a progressive decrease of β-cell function and, when not or inappropriately treated, may lead to severe complications, which are life threatening and very costly to control. Therefore, the maintenance of blood glucose levels at nearnormal levels reduces the risk of long-term complications of diabetes, such as adult blindness, cardiovascular diseases,
Advantages and Drawbacks Associated with Oral Insulin Delivery
The high molecular weight and hydrophilicity of proteins hinder their intestinal absorption, leading to low oral bioavailability, negligible plasma levels, and high variability. Thus, therapeutic proteins are commonly administered by parenteral route, with insulin, for instance, being administered subcutaneously in the treatment of diabetes mellitus. 7 However, oral administration is regarded as a better route of administration because of its cost-effectiveness and wellestablished acceptability, and especially because it allows avoiding the use of needles and other injection materials. Therefore, several attempts have been made to develop an oral carrier able to deliver insulin in a continuous and efficient manner-and thus preclude contamination risks, local pain, and immune reactions-and overcome patient compliance problems. Furthermore, oral administration of insulin better mimics the normal insulin pathway in the body after endogenous secretion, providing a better glucose homeostasis. 8, 9 In fact, oral delivery of insulin allows high portal vein concentrations, with no sustained peripheral hyperinsulinemia, which is associated with neuropathy and retinopathy. 10 However, oral delivery of insulin has some limitations, which include low bioavailability due to insulin degradation in the gastrointestinal tract (GIT) by proteolytic enzymes and severe pH physiological conditions as well as poor permeability through the intestinal epithelium. 11 Notwithstanding, the oral route is back in the forefront as an alternative route of insulin administration since the pulmonary route has failed to become a real alternative. 
Delivery Systems for Oral Insulin Administration
To develop an adequate oral delivery system, the maintenance of insulin biological stability in the GIT and in the enterocytes cytosol must be addressed during the formulation process. Several insulin delivery systems, such as tablets, capsules, intestinal patches, hydrogels, microparticles, and nanoparticles, have been explored to deliver insulin by paracellular and/or transcellular transport throughout the ileum and colon. The delivery systems used may contain excipients, which protect insulin from aggregation and enzymatic degradation, prolong its residence time in the GIT, and enhance its intestinal uptake. Figure 1 shows a summary of different forms of insulin and functional excipients that are used in oral delivery systems.
In this section, different insulin delivery systems intended for oral administration will be discussed, with a special focus on nanoparticles, which are able to permeate the intestine by different pathways (Figure 2 ).
Classical Dosage Forms
Many research groups around the world are trying to develop an oral delivery system mainly in tablet or capsule form mainly because of convenience and higher rates of patient compliance. Studies that are widely known and highly relevant to the academic and industrial fields are discussed herein.
Chitosan-4-thiobutylamidine tablets containing insulin and a Bowman-Birk inhibitor and elastatinal as enzyme inhibitors covalently linked to chitosan were developed. 15 Such covalent attachment concentrates the enzyme inhibitors in the tablets, avoiding its release in the GIT and thus minimizing local and systemic side effects. Furthermore, chitosan with mucus glycoprotein forms a mucoadhesive matrix able to deliver insulin and reduce blood glucose levels significantly in normoglycemic rats over a period of 24 h.
CODES
TM is a colon-specific drug delivery system consisting of a core tablet coated with three different polymeric layers. 16 Such tablets containing insulin, lactulose, meglumine, polyethylene oxide, citric acid, and sodium glycocholate were developed. 17 Thus lactulose is used to promote the beginning of drug release in the colon, and meglumine and citric acid are used as a pH adjuster and an insulin solubilizer, respectively, whereas sodium glycocholate is used as an absorption enhancer. Their combination with polyethylene oxide in the tablet core promotes a gel barrier that allows a sustained release of insulin in the colon of dogs.
The anionic polymer Eudragit S1000 is used for intestinal delivery of drugs because of its ability to be insoluble in the stomach's acidic conditions and in an aqueous medium up to pH 6. 11 The hypoglycemic effect of Eudragit S100 enteric-coated capsules loaded with insulin and sodium salicylate as absorption enhancer formulated as a physical mixture or in polyethylene glycol (PEG) 4000 or Witepsol W35 bases was studied in hyperglycemic beagle dogs. 18 It was found that the best formulation was insulin formulated in Witepsol W35 (1 g) with sodium salicylate (50 mg) loaded in hard gelatin capsules coated with Eudragit S100. Such a system was able to reduce plasma glucose levels in approximately 25-30% and achieve a relative hypoglycemia of approximately 12.5% compared with subcutaneous insulin. Intestinal patches may also be used to deliver insulin orally, and they may be produced in a form of 1-4 mm radii discs of 400 μm in thickness and made of insulin, Carbopol 934, sodium carboxymethyl cellulose and supported by ethyl cellulose on one side of the disc. Further, the discs may be enteric-coated or filled into enteric-coated capsules to avoid the release of insulin in the stomach. 19, 20 Pharmaceutical companies are also trying to develop an adequate system to deliver insulin orally. 32 In a phase 2 study, it was found that the administration of Actrapid or Capsulin (150 and 300 U) was able to increase the glucose infusion rates, reaching maximum values at approximately 280-330 min. The maximum glucose infusion rate values were higher for Actrapid than either dose of Capsulin. No differences between 150 and 300 U of Capsulin were observed, and after its administration, a significant hypoglycemic effect over 6 h was verified. In a phase 2a study, using male volunteers with T1DM, Capsulin (150 and 300 U) appeared to be safe and well tolerated and was able to produce consistent increases in blood insulin levels within 30-120 minutes after dosing, and to control blood glucose levels for an extended time period. It was also found that both increases in insulin levels and control of glucose levels were dose dependent. 21 Oramed performed a clinical study using 29 T2DM patients; placebo and Oramed's insulin-loaded capsules (8 mg/capsule, two capsules/day) were administered to 8 and 21 patients, respectively, who were monitored during 6 weeks.
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A good safety and tolerability of ORMD-0801 was found, and it demonstrated a relevant clinical impact. However, such positive results should be further confirmed in a larger population. In another study, two capsules of ORMD-0801 (8 mg insulin each) were administered to fasting T1DM patients, and blood samples were collected after 6 h. 34 ORMD-0801 was demonstrated to be safe, since it was cleared within 300 min, and proved to be biologically active upon oral, preprandial administration and was also able to prevent the expected rise of glucose levels in fasting T1DM patients upon insulin withdrawal. In another study, 10 healthy male fasting subjects were administered one capsule of F130 or F130GT, which are two ORMD-0801 variants just differing in their emulsifier content. 35 It was found that, besides F130-and F130GT-induced similar plasma C-peptide patterns, which decrease during the 5 h monitoring session, the mean C min registered after administration of F130 was lower than after F130GT administration (0.12 versus 0.2 ng/ml, respectively). Furthermore, F130 decreased glucose significantly compared with F130GT, with a two-fold increase in the mean area above the curve (768.3 versus 1626.4 mg/dl/min, respectively). No adverse effects during the study were verified, and the emulsifiers used and excipient ratios were shown to preserve insulin bioactivity. Overall, despite the positive results achieved so far, further work is needed to develop an optimal formulation with proven advantages over the subcutaneous delivery route because no oral delivery system developed, thus far, has demonstrated a clear clinical advantage.
Lipid-Based Insulin Nanoparticles
Concerning lipid-based insulin nanoparticles, the focus goes to solid lipid nanoparticles (SLN) and liposomes, which are the most commonly used systems.
Solid lipid nanoparticles have been developed as an alternative carrier system to polymeric nanoparticles since the 1990s 36,37 because of their good tolerability, biodegradation, possibility of large-scale production, 37 and their possible composition of physiological lipids, which minimizes the risk of acute and chronic toxicity. 38 In fact, SLN in contact with gastrointestinal fluids can protect insulin from degradation and improve its absorption. 39 It was reported that the glucose levels of rats after oral administration of insulin-loaded SLN were lower than those obtained after administration of oral insulin solution and empty SLN. 40 In another study, both lectin-modified SLN and wheat germ agglutinin (WGA)-modified SLN were shown to protect insulin from digestive enzymes degradation in vitro, and the latter showed a better stabilizing effect. 41 After oral administration of insulin-loaded SLN or WGA-modified SLN to rats, the relative pharmacological bioavailabilities were 4.46% and 6.08%, and the relative bioavailabilities were 4.99% and 7.11%, respectively, compared with insulin subcutaneous injection.
The main advantage of liposomes as a carrier is that they are composed of physiological materials, e.g., phospholipids. Since Patel and Ryman in 1976, 42 many studies reported that insulin-loaded liposomes showed a significant hypoglycemic effect. [43] [44] [45] In those studies, it was found that liposome composition is crucial for both insulin hypoglycemic effect via oral route and in vivo liposome stability. Only a little effect was observed when insulin-loaded liposomes composed of only dicetyl phosphate, cholesterol, or egg lecithin were administered to diabetic animals. 46 Therefore, bioadhesive dosage forms may be used to overcome this low bioavailability. A chitosan-coated liposome was prepared, and its properties were evaluated in vitro and in vivo. 47, 48 It was demonstrated that an improved absorption of insulin can be obtained using chitosan-coated liposomes. 49 An identical technique was successfully applied to the preparation of Carbopol-coated liposomes. 50 In another study, insulin liposomal formulations were prepared using insulin or protamine-containing insulin with cholesterol, dipalmitoyl phosphatidylcholine (DPPC; egg)-cholesterol mixture and mucoadhesive agent methyl cellulose (MC)-added DPPC-cholesterol mixture. 51 These formulations showed reduced blood glucose levels when orally administered to mice and rats. In fact, the phospholipid composition (DPPC, cholesterol, and MC mixture) was found to be quite effective in promoting insulin uptake and reducing blood glucose levels. Sometimes, the effect of liposomes on drug absorption is decreased due to its degradation in the GIT because of interaction with bile salts. To avoid this, liposomes coated with PEG 2000 or the sugar chain of mucin were useful because of their ability to became resistant to bile salts digestion. 44 Particularly, the oral administration of insulin-loaded liposomes coated with PEG 2000 showed an enhanced and sustained hypoglycemic effect in rats, compared with normal liposomes.
Polymeric-Based Insulin Nanoparticles
A previous work showed a sustained reduction of glycemia in diabetic rats treated with insulin-loaded nanoparticles for 1 to 3 weeks. 52 Until now, different studies have been carried out developing polymeric-based nanoparticles for insulin oral delivery. The polymers used may differ from their origin if they are natural or synthetic.
Chitosan has been the natural polymer most used to develop nanoparticles, because it adheres to the mucus layer and transiently opens the tight junctions between the intestinal epithelial cells. 53, 54 In one study, insulin-loaded chitosan nanoparticles were obtained by ionotropic gelation of chitosan with tripolyphosphate (TPP) anions. 55 These nanoparticles were orally administered (21 IU/kg) to diabetic rats, resulting in a hypoglycemic effect prolonged over 15 h and a pharmacological bioavailability of approximately 15% compared with subcutaneous insulin. Chitosan has also been used as hydrophilic polymeric coating, increasing insulin transport through the intestinal membrane. 56, 57 Nanoparticles made by ionic cross linking of chitosan with hydroxypropyl methylcellulose phthalate (HPMCP) showed better stability under simulated acidic conditions. Furthermore, the oral administration of chitosan/ HPMCP nanoparticles in rats increased the hypoglycemic effect of insulin by more than 9.8 compared with an oral insulin solution, and such effect was even 2.8-fold higher compared with insulin-loaded chitosan/TPP nanoparticles. 58 N-trimethyl chitosan (a partially quaternized chitosan derivative), N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan chloride, and chitosan-graft methyl methacrylate (MMA) monomers have replaced chitosan in the encapsulation of insulin because they provide greater stability through enhanced electrostatic interactions while maintaining the mucoadhesive and permeation-enhancing properties. [59] [60] [61] It was reported that insulin-loaded chitosan, N-triethyl chitosan and N,N-dimethyl N-ethyl chitosan nanoparticles used in ex vivo studies on excised rat colon showed that quaternized derivatives of chitosan had better permeation-enhancing properties than chitosan. 62 In one study, nanoparticles made of lauryl succinyl chitosan were developed, and it was found that the presence of succinyl carboxyl groups had inhibitory effects on in vitro release of insulin at pH 1.2. 63 Such nanoparticles, when administered to diabetic rats, were also able to reduce blood glucose levels for approximately 6 h.
Alginate has also been applied for oral insulin delivery. 56, 64 Insulin encapsulated into alginate nanoparticles reduced the basal serum glucose levels by 40% after oral administration to diabetic rats. 56 In another study, insulin complexed with cationic β-cyclodextrin polymers in alginate/chitosan nanoparticles showed the ability of cationic β-cyclodextrin polymers to protect insulin from degradation under simulated gastrointestinal conditions and to have controlledrelease properties. 65 Nanoparticles formulated with dextran and coated with chitosan showed a sustainable-release profile and significantly improved the hypoglycemic effect of insulin after administration to diabetic animals. 66 Encapsulation of insulin in vitamin B12-coated dextran nanoparticles has been considered in complementing diabetes therapy 67, 68 by taking advantage of enhanced insulin absorption through vitamin B12 intrinsic factor receptor ligand-mediated endocytosis via intestine ileocytes. 68 The introduction of synthetic polymers in insulin delivery was based on the advantage of sustained release over a period of days to several weeks compared with natural polymers. 69 Polylactic acid, polylactic-co-glycolic acid (PLGA), and poly(ε-caprolactone) polymers have attracted significant interest [70] [71] [72] because of their biodegradability and biocompatibility; however, encapsulation of insulin into hydrophobic polyester nanoparticles should be carried out using the water-in-oil-in-water double emulsion method. 73 In addition, possible modifications of PLGA nanoparticles have been proposed, which include a blended matrix formed by the PLGA copolymer and polyoxyethylene derivatives (PLGA:poloxamer and PLGA:poloxamine compositions), 74 PLGA mannosamine, 75 and PLGA and HPMCP. 76 The latter is a pH-sensitive cellulose coating in which insulin-loaded nanoparticles have shown to significantly reduce the serum glucose level over 24 h in diabetic rats, compared with insulin-loaded PLGA nanoparticles. 76 In a previous work, sodium oleate was complexed with insulin to improve its liposolubility and encapsulated into PLGA nanoparticles. Such nanoparticles were administered to diabetic rats (20 IU/kg) and were able to reduce plasma glucose level in approximately 23.8% 12 h after oral administration, prolonging such hypoglycemic effect until 24 h. 77 In another study, PLGA and PLGA-Hp55 nanoparticles showed an initial in vitro insulin release of approximately 50.5% and 19.8%, respectively. 76 The nanoparticles were further administered orally to diabetic rats, and the relative bioavailability of PLGA and PLGA-Hp55 nanoparticles compared with subcutaneous administration was approximately 3.7% and 6.3%, respectively.
Nanoparticles formulated with polylactic acid, ethylene oxide, and propylene oxide triblock demonstrated potential capacity in delivering insulin orally, decreasing blood glucose concentration in diabetic animals and maintaining a significant hypoglycemic effect for 24 h. 78 Insulin encapsulated into nanoparticles prepared with poly(ε-caprolactone) and Eudragit decreased fasted glycemia in a dose-dependent manner, mainly due to the mucoadhesive properties of Eudragit. 79 Polyacrylic acid-cysteine conjugate polyvinyl pyrrolidone nanoparticles encapsulating insulin showed stability in a gastric environment and significantly reduced blood glucose levels. 80 It seems that the mucoadhesive properties of polyacrylic acid-cysteine plays an essential role in insulin uptake. Polyalkylcyanoacrylates have also been used in insulin nanoparticles because of their excellent nontoxical adhesive properties, resulting from the strong bonds with the mucosa. 81 It was reported that insulin-loaded polybutylcyanoacrylate nanoparticles showed better insulin protection from degradation by proteolytic enzymes compared with the same nanoparticles in aqueous medium. 82 Furthermore, the apparent bioavailability of nanoparticle oral administration in rats (50 IU/kg) in the oily medium versus subcutaneous administration of insulin (2 IU/kg) was 22.4%, which was much higher than the 15.5% obtained by the nanoparticles in aqueous medium. Methacrylic acid grafted with PEG and acrylic acid grafted with PEG nanoparticles significantly reduced serum glucose levels. 83 Polymethacrylic acid-chitosanpolyether (PEG-polypropylene glycol copolymer) nanoparticles containing a hydroxypropyl β cyclodextrin-insulin complex were found to have good mucoadhesive properties in excised rat intestinal mucosa, being suggested as a good carrier to deliver insulin orally. 84 
Functionalized Insulin Nanoparticles
The particle size and surface properties are important parameters for insulin nanoparticle uptake and translocation through the intestinal mucosa. 71, 85 In addition, targeting strategies to improve the interaction of insulin nanoparticles with the intestinal absorptive cells and M cells of Peyer's patches have been designed. The modification of surface properties or coupling of a targeting moiety at the surface of nanoparticles are examples of used strategies. 86 One strategy consists of coating nanoparticles with a hydrophilic stabilizing agent or incorporating it in the nanoparticle structure or using bioadhesive polymers such as chitosan and poly(methacrylic acid) or surfactant molecules. 86 Fonte and coauthors 87 reported that insulin-loaded chitosan-coated SLN nanoparticles were able to better improve insulin permeation through Caco-2 cell monolayer and Caco-2/HT-29 coculture monolayer models. Such nanoparticles were able to further produce a prolonged hypoglycemic effect up to 24 h in diabetic rats. Functionalized graft copolymer nanoparticles consisting of chitosan and the monomer MMA, N-dimethylaminoethyl methacrylate hydrochloride, and N-trimethylaminoethyl methacrylate chloride loaded with insulin showed an encapsulation efficiency of approximately 100% and an initial burst release followed by sustained release for more than 24 h. 60 Functionalizing nanoparticles by changing the zeta potential influences the interactions of insulin nanoparticles with the intestinal mucosa, specifically with the negatively charged mucin. 85, 88 Calcium phosphate nanoparticles coated with PEG are able to protect insulin from the gastric environment and preserve insulin structure. 89 Insulin-loaded nanoparticles composed by alginate and dextran sulfate nucleating around calcium and binding to poloxamer, stabilized by chitosan, and coated with albumin were able to maintain insulin bioactivity and enhance pharmacological bioavailability by shielding insulin from degradation, thus facilitating its permeation. 90 These nanoparticles were administered to diabetic rats and reduced the plasma glucose levels to 40% of the basal values, with a sustained hypoglycemic effect over 24 h. Furthermore, a dose of 50 IU/kg showed an oral bioavailability (13%) three-fold higher than orally administered insulin. Chitosan-coated PLGA nanoparticles may also be used to take advantage of chitosan mucoadhesive properties. 91 Another strategy is grafting a ligand at the nanoparticle surface for specifically targeting nanoparticles to receptors on enterocytes or M cells. 86 For instance, lectins are involved in many cell recognition and adhesion processes that significantly increase nanoparticle transport through the intestine. 92 Both lectin-modified SLN and WGA-N-glutarylphosphatidylethanolamine-modified SLN containing insulin, when administered orally to rats, were able to improve insulin bioavailability and protect insulin from in vitro degradation enzymes. 41 Covalent coupling of vitamin B12 to dextran nanoparticles has been used as a strategy to increase insulin oral bioavailability, 67 and the transferrin molecule is another example of a targeting molecule. 92 The potential of vitamin B12 on nanoparticle transport enhancement through the intestinal epithelium has been demonstrated. 68 Vitamin B12 bound to dextran nanoparticles administered to diabetic rats showed a blood glucose reduction of approximately 70-75%, prolonging such effect for approximately 54 h. Insulin-loaded chitosan-6-mercaptonicotinic acid nanoparticles were orally administered to rats and the area under the curve of insulin after its administration was four times higher than unmodified chitosan nanoparticles. 93 Mannosylated nanoparticles may be also a promising delivery system to consider. 94 
Toxicological Issues of Insulin Delivery Systems
Toxicological issues must be focused on the binomial insulin carrier. Toxicity is a critical factor to be considered when evaluating the potential of insulin-loaded nanoparticles. Given that nanoparticles are engineered to interact with cells, it is important to ensure that they do not cause any adverse effects or even damage the intestinal epithelium. The important issue is that, whether naked or coated, nanoparticles will undergo biodegradation in the cellular environment and may affect cellular responses. 95 For instance, biodegraded nanoparticles can accumulate inside the cells and lead to intracellular changes, such as disruption of organelle integrity or gene alterations, which cause severe toxicity. The cytotoxicity test is a sensitive, rapid, and inexpensive method to detect the potential ability of nanoparticles to induce sublethal or lethal effects in cells. However, cytotoxicity may not be the only adverse effect because cell immunological response may also be affected. 95 Furthermore, molecules delivered to unnatural sites in unnatural quantities are likely to behave in unexpected ways, so from a toxicological perspective, oral insulin delivery may be questionable. If insulin is entrapped and not released from carrier systems until it reaches the systemic circulation, then this may not be an issue, but this approach is questionable, because insulin may cause gastroparesis. 96 The use of absorption enhancers may lead to a long-term toxicity, and surfactants can also damage intestinal epithelium. Indeed, absorption enhancers, when administered in a continuous manner, may also promote permeation of pathogens and toxins. 97 Protease inhibitors also have some safety concerns due to a possible interference with the digestion of dietary proteins. Moreover, mucoadhesive systems may affect mucus turnover and consequently alter the physiology of intestinal membrane. 98 Toxic effects of insulin nanoparticles of alginate-dextran complexed with chitosan-PEG-albumin were evaluated for 15 days after oral administration to diabetic rats. 99 The rats showed lower levels of alanine transaminase, aspartate aminotransaminase, and alkaline phosphatase, suggesting the absence of liver damage or biliary obstruction. In a similar study, insulin-loaded nanoparticles administered to diabetic rats did not change the liver and kidney functions. 100 Furthermore, the increase in some hepatic parameters was attributed to chemical inducement of diabetes and its physiopathology and not to nanoparticles. Concerning kidney function, creatinine and urea nitrogen values were also similar to normal rats, with the exception of glycosuria, again attributed to the chemical inducement of diabetes because nondosed diabetic rats showed the same alteration. The glycosuria levels of dosed animals were lower than control diabetic rats, which indicate an effective hypoglycemic response.
In another study, the safety of self-assembled nanoparticles, obtained mixing a poly-γ-glutamic acid solution with chitosan in presence of MgSO 4 and sodium TPP, after oral administration in a diabetic rat model were assessed by an in vivo toxicity study. 101 These nanoparticles were well tolerated, even at a dose 18 times higher than used in the pharmacodynamic/pharmacokinetic study. Another biocompatibility assessment of N-trimethyl chitosan-cysteine nanoparticles when administered to rats revealed lack of toxicity. 102 Moreover, the cytotoxicity of PLGA nanoparticles was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, and it was proven that no extra toxicity was introduced by nanoparticles.
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Conclusions and Future Prospects
Oral insulin delivery has been an interesting and promising research field that promises to revolutionize the way diabetes mellitus is treated. Several studies have achieved some positive results, and some delivery systems are in advanced stages of development. However, despite all efforts made since the 1980s, there appears to be no progress because the delivery systems developed have not shown a clear clinical advantage over the subcutaneous insulin route. Several concerns need to be properly addressed. Long-term efficacy and safety need to be demonstrated through adequately powered studies in different patient populations across the diabetes spectrum. Furthermore, a reproducible absorption of the drug and understanding of meal-related absorption are also important goals for developing a drug that needs to be administered lifelong. In addition, clinical studies need to clearly demonstrate superiority over parenteric insulin formulations and oral hypoglycemic agents, including improved hypoglycemic profile, reduced weight gain, and better disease progression outcome in long-term studies. The toxicological profile of the developed delivery systems must be also properly assessed.
Overall, the success of oral insulin depends on the ability to manufacture insulin both in sufficient quantities for oral delivery as well as efficiently in a cost-conscious pharmaceutical marketplace. Pharmaceutical companies are on the frontline in developing a system to deliver insulin orally; however, most of them abandon their delivery systems at
